Semiconductor nanowires (NWs) provide an extraordinary platform for nano-optoelectronic applications, including lasers[@b1], optical switching[@b2], solar cells[@b3][@b4][@b5][@b6] and photo-detectors[@b7][@b8]. The reduced dimensions in NWs lead to the possibility of manipulating light-matter interactions at the nanoscale. Through the tuning of the NW morphological parameters and substrate composition, devices with controlled photonic and electrical properties can be designed[@b9][@b10]. By combining semiconductor NW dielectric properties and optically resonant metal nanoparticles one can further enhance and localize light absorption[@b11][@b12][@b13][@b14][@b15][@b16].

It is well-known that nanowires exhibit a highly anisotropic polarization response both in light absorption and emission: light absorption occurs preferentially for light polarization along the NW axis, with some dependence on the diameter[@b17][@b18]. This means that a nanowire lying on a substrate responds mostly to light polarized along its axis, and it is almost transparent for light polarized perpendicular to the NW axis. Thus, almost half of all incoming white light passes through a NW without interacting. This anisotropy limits the use of NWs in some photonic applications, such in photodetectors and solar cells[@b9]. Previous studies have studied the optical coupling between disk-shaped nanoantennas and one-dimensional structures[@b19][@b20]. Some evidence of polarization dependent response have been reported in second harmonic generation and Raman scattering. While Raman scattering is increased in diminutive structures such as carbon nanotubes[@b20], the electric field enhancement was only observed in the infrared region for larger diameter structures such as GaAs nanowires[@b19]. Moreover, these studies did not involve any deliberate engineering of the absorption spectra or absorption rate. In this work, we design a plasmonic antenna to directly counteract the characteristic anisotropic polarization response of GaAs nanowires, without diminishing the absorption rate of light polarized along the nanowire. This enables us to modify the NW polarization response up to the point of inversion and to enhance the NW absorption in the visible spectrum. We also show the possibility to enhance light absorption up to 15 times in the infrared. This design principle is not restricted to the material of study and wavelengths under study; these principles can be extended to other materials and other regions of the electromagnetic spectrum. The large parameter space for light absorption design and the special opto-electrical properties of GaAs, such as a direct band-gap in the visible range, high absorption coefficient and high charge mobility, imply a very high potential of this platform for a multitude of nano-optoelectronic devices.

The proposed device is presented schematically in [Fig. 1a](#f1){ref-type="fig"}. A nanowire is embedded in a bow-tie antenna array with a goal of engineering the nanowire polarization response. The nanoantennas dimensions were chosen to maximize the electric field inside the nanowire ([Supplementary Information 1](#s1){ref-type="supplementary-material"}), which corresponded to a set height and width of 150 and 300 *nm* respectively. These values are strictly linked to the nanowire diameter (150 *nm*) and they were designed to optimize the absorption of incident transverse polarized light. Additionally, for the bow-tie antennas to modify the light interaction with the NW, they have to be positioned as close as possible to the NW[@b19]. In our case, this nanoantenna/nanowire gap was as small as 10 *nm*, which corresponds to the finest fabrication precision available to us. An example of a fabricated device is shown in [Fig. 1b](#f1){ref-type="fig"}. A GaAs nanowire with a diameter between 140 and 146 nm has been inserted in a dense bow-tie antenna array and contacted electrically to allow photoconductance measurements. In order to ensure an ohmic contact, a highly p-doped 40 *nm* shell (2 × 10^18^ *cm*^−3^) was added[@b21]. All devices were fabricated on glass, however a different substrate would influence the overall shape of the response, though the bow-tie antennas would continue to tailor the NW polarization response. A glass substrate is preferable over an oxidized silicon wafer because it reduces the occurrence of possible light interference effects[@b22].

For light polarized along the axis, the bow-tie antennas provide a strong confinement of the incident light in their gap[@b23]. By positioning a dielectric NW in the gap, the antenna resonances should result in an increase of light absorption in the NW. In order to verify this hypothesis, we calculated the corresponding light absorption and field energy distribution in a single NW, in bow-tie antenna arrays and in a hybrid nanowire/bow-tie antenna system. The results of these calculations are shown in 2. [Fig. 2a](#f2){ref-type="fig"} shows the normalized calculated absorption spectra of a GaAs nanowire with a diameter of 150 nm and hexagonal cross-section for light perpendicular to the nanowire axis. Absorption tends to decrease for longer wavelengths, with two absorption peaks at 500 and 680 *nm*. These peaks are related to photonic resonances in the NW and have been studied extensively in the literature[@b24][@b25]. [Figure 2b](#f2){ref-type="fig"} depicts the intensity of light within the nanowire cross-section in these resonant cases. The NW acts as a cavity, leading to enhanced light absorption with respect to an equivalently thick film. The field energy distribution profile and the in plane electric field lines indicate the presence of the *TE*~01~ and *TE*~11~ coupled modes[@b26] ([supplementary information 2](#s1){ref-type="supplementary-material"}). [Figure 2c](#f2){ref-type="fig"} corresponds to the field energy calculations on the bow-tie antenna arrays for a varying inter-antenna distance. In order to represent the capacity of the antennas to concentrate the light, the electric field intensity is integrated on the volume corresponding to the NW in the nanowire/nanoantennas system. Overall, the capacity of the antennas to concentrate light increases when they are closely spaced. Interestingly, there are certain wavelengths for which this concentration is remarkably enhanced. For example, for an inter-antenna distance of 550 *nm*, one observes resonances at 660 and 770 *nm*. The resonances move spectrally as a function of the inter-antenna distance due to their capacitive coupling. [Fig. 2d](#f2){ref-type="fig"} plots the square of the electric field across the antenna gap for these resonances. Light is mostly concentrated in the gap region closest to the antennas. [Fig. 2e](#f2){ref-type="fig"} shows the absorption spectrum of the full nanowire when sandwiched between a bow-tie antenna array, as a function of the inter-antenna distance. At large inter-antenna distances, the absorption in the nanowire is barely affected. By bringing the antennas closer together, the absorption is enhanced in the spectral region between 650 and 840 *nm* following the antenna modes ([Fig. 2c](#f2){ref-type="fig"}). If one looks now at the profile of the absorption modes in the NW for an inter-antenna distance of 550 *nm*, one can see that only the intensity of modes *α*1 and *β*1 has changed. Interestingly, at *λ* = 840 *nm*, the nanoantennas generate an absorption enhancement in the NW of 15 times. This enhanced mode *γ*3 exhibits an intensity profile similar to what it is expected from the antenna geometry ([Supplementary information 3](#s1){ref-type="supplementary-material"}).

We turn now to the experimental demonstration of the coupling of the bow-tie antenna modes with a NW. Absorption in the nanowire/bow-tie antenna system has been obtained by photoconductivity measurements. We have fabricated devices with various inter-antenna distances: 1000 and 400 nm. [Figures 3a--c and d--f](#f3){ref-type="fig"} respectively show the predicted absorption and experimental photoconductivity spectra of nanowires for polarizations along and across the NW axis. [Fig. 3a](#f3){ref-type="fig"} shows the photoconductivity spectra of a single nanowire. As expected, we predict higher absorption for wavelengths close to 500 *nm* and 650 *nm*, corresponding to the existence of optical guided modes. Absorption is significantly higher for polarization parallel to the nanowire axis, a consequence of the one-dimensional shape of the nanowire[@b18][@b27]. As shown in [Fig. 3b](#f3){ref-type="fig"}, the polarization anisotropy is suppressed by the addition of bow-tie antennas with *d* = 1000 *nm*. Interestingly, this suppression is broad-band and is valid from 500 to 900 *nm*. By bringing the antenna closer together (400 *nm*) it is possible to favor light absorption for light polarized perpendicular to the nanowire axis, at least for the spectral range between 600 and 750 *nm*.

As shown in [Figs. 3d--f](#f3){ref-type="fig"}, we are able to experimentally observe the predicted switched anisotropic absorption through photocurrent measurements in real devices. Thanks to the addition of the bow-tie nanoantennas close to the nanowire, it is possible to concentrate the incoming light and thereby increase the photo-current related to light polarized across the nanowire axis. Interestingly, light absorption can be enhanced up to a factor 3.6 with respect to a single NW in the spectral region between 650 and 750 *nm*. In contrast, the absorption for longitudinal polarized light is not significantly modified. While the simulated absorption efficiency values can be quantitatively compared between all device configurations, a direct comparison of photo-current absolute values between different real devices is not accurate. Small variations in the nanowire diameter and distance between the contacts result in slight changes in the photoconductance and measured photocurrent. For this reason, we report in [figures 3d, 3e and 3f](#f3){ref-type="fig"} the absolute values of the photocurrent. More than two devices have been fabricated for each design and the results are consistent.

We have demonstrated the possibility to control and engineer the polarization response of nanowires through the coupling with a bow-tie antenna array. Absorption of transverse polarized light can be enhanced up to 15 times and photoconductivity measurements have been performed on the fabricated devices. Calculations and measurements show that bow-tie nanoantennas behave like a dipole antennas and, when excited with transverse polarized light, they couple plasmonically with the NW. The nanowire/bow-tie antenna platform gives the opportunity to engineer devices that respond in different ways when excited by optical light. The adaptability and control of this design makes the NW/nanoantenna platform an optimal candidate for engineering nano-scale opto-electronic devices like solar cells, photo-detectors, optical switches, optical emitters and modulators.

Methods
=======

Nanowire growth
---------------

GaAs NWs were grown with an intrinsic core and a p-doped shell under conditions described elsewhere[@b21], leading to a diameter of around 145 nm and a length of approximately 12 *μ*m. In this work the p-type doping was achieved by adding a flux of carbon during the growth of the shell in order to reach a doping concentration of 2 · 10^18^ cm^−3^ [@b21]. NWs present mainly a zinc blend crystal structure with few twins per *μm* and a small tapering leading to around 10 nm of difference between the bottom and top diameter.

Device fabrication
------------------

The devices were prepared by transferring NWs to a fused silica substrate and their position was localized by using an optical microscope. The nanoantennas have been designed around the NWs using a custom-made fitting software. The pattern encodes the relative position on the wafer and uses circular shapes for deep sub-micron alignment. The position is determined via shape recognition algorithms leading to an accuracy between 50 and 10 *nm*. We used electron beam lithography (Vistec EBPG5000) to position the nanoantennas in close proximity to the NW surface and along its axis. Before the exposure, a MMA and PMMA resist layer were spin coated on the substrate and the evaporation of 40 nm of Cr was needed in order to dissipate the electrons coming from the electron beam. The Cr was then etched away and the evaporation of 5 nm of Ti and 150 nm of Au was performed after the developing of the resist. The electrical contacts consist of Pd/Ti/Au (40/10/200 nm) metal layer in contact with the NW doped shell leading to ohmic contacts[@b28].

Photocurrent measurements
-------------------------

The photo-conductivity measurements are performed with two point measurements by applying a constant voltage and continuously measuring the current with a picoammeter/voltage source (Keythey 6487). A superK Koheras continuum laser is used to excite the devices with monochromatic light. The excitation beam is focused on the NW/nanoantenna system to a spot size of approximately 5 *μm* by a 50× objective (NA 0.5). The power is set constant for all the wavelengths to 10 *μW* leading to a power density of 50 *W*/*cm*^2^. An optical polarizer is used to change the light polarization and a CCD camera is used to control the location of the incident light on the sample. During the data acquisition a power supply applies a constant voltage of 50 *mV* and measures the current between the NW contacts.
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![(a) Scheme of the nanowire-nanoantenna system. The different colors in the NW are an illustrative representation of the field energy distribution inside the NW during the excitation of transverse polarized light. The red color indicates the highest field energy density and the green the lowest. (b) SEM image of a contacted NW embedded in a bow-tie nanoantennas array. The NW diameter is 150 *nm* and the distance between nanoantennas is *d* = 400 *nm*.](srep07651-f1){#f1}

![(a) Calculated absorption spectra of a GaAs nanowire with a diameter of 150 *nm* in diameter lying on a glass substrate. For the points *α*1, *β*1 and *γ*1 the electric field intensity and the electric field lines are represented along the NW cross section in (b). (c) Calculated field energy map for an array of gold antennas on glass as a function of the wavelength and the inter-nanoantenna distance *d*. (d) Field energy distribution in the plane along the antennas axis corresponding to the points *β*2 and *γ*2. (e) Calculated absorption map for the nanowire/nanoantenna system on a glass substrate as a function of the nanoantenna distance *d*. The corresponding *α*3, *β*3 and *γ*3 electric field intensity and in-plane electric field lines are shown in (f). All the calculations were performed with light incident on the plane at perpendicular angle and transversely polarized with respect to the NW axis.](srep07651-f2){#f2}

![Calculated absorption efficiency spectra of a single NW (a) and nanowire/nanoantennas systems with antenna distance *d* = 1000 (b) and *d* = 400 *nm* (c). The black points correspond to the calculation for light perpendicular to the NW axis and the red points for light parallel to the NW axis. (d), (e) and (f) represent the electrical photo-current measurements of the corresponding above calculations obtained with laser power of 10 *μW*. The lines between the data points are guides for the eyes. In the insets, the scanning electron microscopy images of the analyzed devices are shown.](srep07651-f3){#f3}
